Abstract: Iron starvation and oxidative stress are 2 hurdles that bacteria must overcome to establish an infection. Pathogenic bacteria have developed many strategies to efficiently infect a broad range of hosts, including humans. The best characterized systems make use of regulatory proteins to sense the environment and adapt accordingly. For example, ironsulfur clusters are critical for sensing the level and redox state of intracellular iron. The regulatory small RNA (sRNA) RyhB has recently been shown to play a central role in adaptation to iron starvation, while the sRNA OxyS coordinates cellular response to oxidative stress. These regulatory sRNAs are well conserved in many bacteria and have been shown to be essential for establishing a successful infection. An overview of the different strategies used by bacteria to cope with iron starvation and oxidative stress is presented here.
Introduction
To establish a successful infection, bacteria face a multitude of challenges produced by the host. An important challenge is iron (Fe) starvation, which is often the first physiologic obstacle that bacteria must overcome within a host. Fe is an essential element for most microorganisms, but it is nearly inaccessible because of its poor solubility in the presence of oxygen at neutral pH. The free Fe concentration in the environment consequently ranges between 10 -9 and 10 -18 mol/L, which is below the requirement for microbial growth (Miethke and Marahiel 2007) . In addition, mammalian hosts sequester Fe with proteins such as transferrin and lactoferrin (Barasch and Mori 2004; Schaible and Kaufmann 2004; Braun 2005) leading to a free serum Fe concentration of approximately 10 -24 mol/L (Raymond et al. 2003) . In addition to Fe starvation, oxidative stress is another challenge that bacteria have to overcome to establish infection in mammalian hosts. Indeed, mammals and plants use H 2 O 2 to create an oxidative environment to protect themselves against pathogens such as bacteria and fungi. This stress induces damage to DNA, proteins, and other macromolecules. Bacteria have evolved multiple, elegant skills in response to these Fe and oxidative stresses. While many of these skills consist of mechanisms involving regulatory proteins, recent discoveries in prokaryotic physiology have highlighted the crucial role played by regulatory small RNAs (sRNAs) in adaptation to these stresses. This review focuses on recent advances describing both the proteins and the sRNAs involved in oxidative stress adaptation.
Fe-S clusters as sensors of the intracellular redox and Fe
One of the key players in oxidative stress sensing and Fe limitation are iron-sulfur (Fe-S) clusters. Because of their ability to delocalize electron density over both Fe and S atoms, Fe-S have been implicated in crucial pathways such as photosynthesis, nitrogen fixation, and respiration. More than 100 regulatory proteins and enzymes have been shown to contain Fe-S clusters (Kiley and Beinert 2003) , and these clusters are essential to virtually all living organisms, from microorganisms to humans.
Many regulatory proteins rely on Fe-S clusters to sense the intracellular environment (reviewed in Kiley and Beinert 2003) . Both the requirement for Fe and the sensitivity to oxidation of Fe-S clusters are useful for sensing Fe limitation and oxidative stress. In Escherichia coli, the transcription factor SoxR is an example of a protein that uses Fe-S clusters to sense cellular oxidative stress. SoxR is part of the SoxRS system that controls the expression of more than 40 genes whose products are implicated in the removal of superoxide (O 2 -) and in the repair of damages generated through this process. More specifically, SoxR is a transcription factor containing an Fe-S cluster, usually in its reduced [2Fe-2S] + form. This oxidation state allows DNA binding by SoxR but restricts the transcriptional activation. The Fe-S cluster in SoxR is maintained under reduced form by the products of both the rsxABCDGE polycistron and the rseC gene (Koo et al. 2003) . SoxS can also act as a transcription factor and is directly responsible for the transcription activation of the SoxRS regulon. When the cell is subjected to oxidative stress, the Fe-S cluster is oxidized to the [2Fe-2S] 2+ form, which activates the transcription of soxS, the only known target of SoxR (Fig. 1) .
Another transcription regulator whose activity is modulated by an Fe-S cluster is IscR. IscR is encoded as part of the iscRSUA polycistron and is responsible for the autorepression of the isc promoter. However, this repression occurs only when IscR contains an intact Fe-S cluster (Holo-IscR) (Schwartz et al. 2001) . The autoregulation by Holo-IscR allows the cell to adjust the level of Fe-S cluster protein biogenesis when needed. Thus, when Fe-S clusters become unstable (due to oxidative stress) or when Fe is limiting, IscR is under the Apo form (Apo-IscR) and the isc promoter is derepressed. The IscS, IscU, and IscA proteins, encoded downstream of IscR on the polycistronic mRNA, are all involved in the biogenesis of Fe-S clusters. This socalled ISC machinery is thought to be responsible for the housekeeping formation of Fe-S clusters.
In addition to the iscRSUA operon, IscR controls the expression of up to 40 genes in E. coli (Giel et al. 2006) . Recently, it has been proposed that IscR-regulated promoters can be separated into 2 groups (Nesbit et al. 2009 ). One class of promoters is regulated by Holo-IscR only (e.g., isc promoter), whereas the other class is regulated by IscR independently of its Fe-S cluster status. The sufABCDSE operon, encoding the SUF machinery and also involved in the biogenesis of Fe-S clusters, is a member of this second group of regulated genes (Outten et al. 2004) . Notably, the suf promoter is not only positively regulated by IscR but is also under the control of both OxyR (see below for details) and ferric uptake regulator (Fur), which is the global Fe homeostasis regulator in the cell. The result of this triple regulation by IscR, OxyR, and Fur is that the SUF machinery is essentially repressed under normal growth conditions, but will be expressed in response to oxidative stress or when Fe is scarce. For this reason, and because suf mutants have a more severe growth defect than isc mutants in these conditions, it is generally assumed that the SUF machinery is specialized in Fe-S clusters assembly during oxidative stress and Fe starvation (Outten et al. 2004) .
Recently, another player in the Fe-S cluster biogenesis pathway has been identified by our group, the sRNA RyhB. This Fur-regulated sRNA was originally characterized in 2002 (Massé and Gottesman 2002) and has been shown since to play a major role in adaptation to Fe starvation in E. coli (Massé and Gottesman 2002 , Massé et al. 2003 , 2005 Jacques et al. 2006; Prévost et al. 2007 ). Expression of RyhB (and other similar sRNAs) results in degradation of mRNA targets via a base-pairing mechanism and the recruitment of the cellular RNA degrading machinery (Massé et al. 2003; Vecerek et al. 2003; Geissmann and Touati 2004; Afonyushkin et al. 2005; Morita et al. 2005) . Recently, we showed that RyhB plays a role in the biogenesis of Fe-S clusters during Fe starvation (Desnoyers et al. 2009 ). We demonstrated that RyhB regulates the stability of the iscRSUA polycistron by a previously uncharacterized mechanism. When expressed, RyhB triggers the differential degradation of the polycistronic mRNA iscRSUA, specifically by downregulating the expression of the IscS, IscU, and IscA proteins. However, RyhB does not affect the expression of IscR, whose transcript is protected by a strong secondary structure in the region between iscR and iscS cistrons. The result of this partial downregulation of the polycistron is that during Fe starvation, the IscR transcription factor is still produced, but not the ISC machinery involved in Fe-S cluster biogenesis. Because IscR is needed for the full activation of the suf promoter (Lee et al. 2008) , we believe that this new mechanism of polycistronic discoordination allows the cell to transfer the task of Fe-S clusters biogenesis to the SUF machinery when Fe is scarce. On the other hand, in addition to the SUF machinery, preliminary data suggest that the ISC machinery is also produced during oxidative stress (Desnoyers et al. 2009 ) probably because RyhB is less abundant in conditions of oxidative stress than in conditions of Fe starvation (Lee et al. 2008) . These results suggest a greater cellular need for proteins containing Fe-S clusters during oxidative stress than during normal conditions or even Fe starvation.
Dealing with Fe starvation: small RNAs and siderophores
Before being characterized for its role in the biogenesis of Fe-S clusters, RyhB was well known as a key player in Fe homeostasis. Under Fe-depleted conditions, Fur is inactive and RyhB becomes rapidly and highly expressed. An RNomic approach indicated that RyhB represses at least 18 transcripts (mono-and polycistronic), encoding a total of 56 proteins (Massé et al. 2005) . The mRNA targets of RyhB encode nonessential Fe-using proteins involved in the tricarboxylic acid (TCA) cycle (sdhCDAB encoding succinate dehydrogenase, acnB encoding aconitase B, and fumA encoding fumarate reductase), glycolysis, oxidative stress response (sodB encoding superoxide dismutase), Fe-S cluster formation (iscSUA encoding the ISC machinery), and respiration (Massé et al. 2005) . Thus, RyhB expression results in elevated free intracellular Fe concentrations by decreasing Fe sequestration by nonessential proteins, ensuring Fe availability for essential Fe-using proteins such as ribonucleotide reductase involved in DNA synthesis and repair. RyhB also exerts feedback by repressing fur mRNA translation, thereby diminishing Fur protein level, which probably prevents Fur repression of Fe metabolism genes (e.g., Fe uptake genes) in low Fe conditions (Vecerek et al. 2007 ).
The same RNomic study also suggested that RyhB activates the expression of genes involved in Fe homeostasis. For instance, RyhB interacts with the mRNA shiA, encoding a shikimate transporter, to activate its translation (Prévost et al. 2007 ). The pairing of RyhB with shiA mRNA disrupts an intrinsic inhibitory structure that sequesters the ribosome binding site. Thus, using this system, the cell acquires more shikimate, which is an essential molecule for the biogenesis of amino acids, vitamins, and siderophores (see below).
At least 3 similar RyhB-like systems have now been identified in other bacteria. First, in Pseudomonas aeruginosa, 2 tandem sRNAs (95% identical to each other) regulated by Fur repress mRNAs encoding Fe-using proteins (e.g., sodB encoding superoxide dismutase and sdh encoding succinate dehydrogenase) upon Fe deprivation (Wilderman et al. 2004) . Second, in Neisseria meningitidis, the sRNA NrrF is involved in the rapid degradation of sdhCDAB mRNA under Fe starvation conditions (Mellin et al. 2007; Metruccio et al. 2009 ). Third, in the gram-positive Bacillus subtilis, the Furregulated sRNA FsrA represses several Fe-using proteins, such as succinate dehydrogenase (Sdh), aconitase (CitB), and isopropylmalate dehydratase (LeuCD) (Gaballa et al. 2008 ). These results demonstrate the importance for organisms of strictly regulating intracellular Fe usage.
Interestingly, RyhB can also modulate the expression of some virulence determinants. For instance in Vibrio cholerae, the causative agent of cholera, RyhB is essential for biofilm formation and optimal chemotaxis, but it is not essential for colonization in a mouse model (Davis et al. 2005; Mey et al. 2005 ). In the intracellular pathogen Shigella flexneri, the causative agent of bacillary dysentery, RyhB regulates virulence by repressing VirB, the transcriptional activator of the ipa, mxi, and spa operons, whose expression is important for pathogenicity (Murphy and Payne 2007) . Thus, when the bacterium is in the gut, where Fe concentrations are relatively high, Fur would repress ryhB expression ensuring activation of the VirB regulon for the initial stage of eukaryotic cell invasion. Once the bacterium is in the cell, in Fe-restricted conditions, RyhB expression would result in the repression of the VirB regulon whose inappropriate expression could lead to premature lysis of the cell. In the pathogen S. flexneri, acid resistance, which is important for survival of the bacteria in the stomach upon initial stages of infection, is also regulated by RyhB. It was observed that RyhB represses evgA, a transcriptional activator of the putative oxidoreductase ydeP essential for acid resistance (Masuda and Church 2003; Oglesby et al. 2005 ). Therefore, acid resistance would be better in Fe-rich conditions because Fur represses RyhB. The repression of RyhB through Fur allows ydeP expression through activation by evgA. However, it is not yet clear why acid resistance would be required in Fe-rich conditions during the infection process.
During growth under Fe-deprived conditions, RyhB activates the expression of the permease ShiA, which increases the acquisition of shikimate from the environment. Shikimate is an essential metabolite for the production of enterochelin, which is a member of the family of compounds termed siderophores. Siderophores are central to acquiring Fe from the environment because of their high affinity for Fe 3+ (Crosa and Walsh 2002) . After being secreted in the environment, siderophores bind to oxidized Fe 3+ . The cell then imports the Fe-loaded siderophores through specialized acquisition systems. Siderophore-based Fe acquisition is widespread among prokaryotic and eukaryotic microorganisms and even in higher plants (Fett et al. 1998; Staiger 2002; Kosman 2003; Crosa et al. 2004 ). On the basis of the chemical structure of the moieties involved in Fe coordination, siderophores are divided into 3 main classes: catecholates, hydroxamates, and hydroxycarboxylates. Enterochelin, a well-studied catecholate, is the primary siderophore synthesized by the gram-negative family Enterobacteriaceae (e.g., E. coli, Shigella, Salmonella, and Klebsiella species).
The biosynthesis of enterochelin depends on chorismate, the final product of the shikimate pathway (Roberts et al. 2002; He et al. 2004; Kerbarh et al. 2005) . The products of the entABCDEF genes are responsible for the enzymatic conversion of chorismate into enterochelin (Crosa and Walsh 2002) . Upon secretion through an efflux system, enterochelin sequesters Fe 3+ in the external environment. Fe 3+ -enterochelin complexes are then acquired by the outer membrane receptor FepA and transported into the cytoplasm by a TonB-dependent uptake system (Furrer et al. 2002; Bleuel et al. 2005; Ma et al. 2007 ). Once they have entered the cytoplasm, Fe 3+ -enterochelin complexes are hydrolyzed by the esterase Fes, thereby releasing Fe 3+ (O'Brien et al. 1971; Greenwood and Luke 1978; Brickman and McIntosh 1992) . Fe 3+ is then reduced to soluble Fe 2+ , which can then be incorporated into Fe-using proteins (Miethke and Marahiel 2007) . Most of the genes involved in enterochelin synthesis, secretion, uptake, and utilization are repressed by the Fur-Fe 2+ complex at the transcriptional level (Crosa et al. 2004; Miethke and Marahiel 2007) . Therefore, in Fe-replete conditions, siderophore production is reduced to prevent excess Fe acquisition that could be toxic to the bacteria (Imlay 2003 (Imlay , 2008 Braun 1997) . In contrast, in Fe-depleted conditions, Fur becomes inactive and siderophore production increases, allowing the bacteria to deal with Fe starvation.
During an infection, bacterial siderophores can be bound by several host proteins as components of the innate immune system. For example, serum albumin can bind to enterochelin and Fe 3+ -enterochelin, but with affinities far too low to compete with the bacterial Fe 3+ -enterochelin uptake system (Konopka and Neilands 1984) . However, a mammalian protein termed lipocalin 2 (Lcn2) binds Fe 3+ -enterochelin (and also some other siderophores) with high affinity, and therefore overrules enterochelin as a virulence factor (Flo et al. 2004) . Intraperitoneal injection of the enterochelin-producing E. coli H9049 in Lcn2 -/-mice results in rapid mortality as compared with wild-type Lcn2 +/+ mice, thereby reinforcing the importance of Lcn2 in innate defence (Fischbach et al. 2006a) . In response to this, some pathogenic bacteria, such as Salmonella enterica, Klebsiella pneumoniae, Shigella dysenteriae type 1, and some E. coli strains (e.g., uropathogenic strain CFT073) produce glucosylated forms of enterochelin, termed salmochelins, that are not recognized by lipocalin 2 and serum albumin (Fischbach et al. 2006b; Bister et al. 2004) . Production of salmochelins is associated with the iroA gene cluster found specifically in these pathogenic bacteria. The iroA cluster comprises 5 Fur-regulated genes: iroNEDCB implied in the synthesis, transport, and degradation of salmochelins Lin et al. 2005; Fischbach et al. 2006a ). Introduction of the iroA gene cluster from uropathogenic E. coli into an avirulent strain renders the strain highly virulent (Fischbach et al. 2006b ). Salmochelin synthesis thereby represents an efficient counter-defence mechanism of pathogens against the host innate immunity.
OxyS role during oxidative stress
In the same way that RyhB is important during adaptation to Fe starvation, another sRNA plays a key role in adaptation to oxidative stress in bacteria, OxyS. This sRNA is under the control of one of the major regulatory proteins activated upon oxidative stress, OxyR (Christman et al. 1985) . H 2 O 2 accumulation, which arises from O 2 -dismutation by superoxide dismutase, triggers oxidation of 2 cysteine residues into sulfenic acid that creates a disulfide bond and renders the protein competent for transcription activation of several genes such as oxyS, fur, and dps through binding to their promoters (Gonzalez-Flecha and Demple 1999; Zheng et al. 2001) .
The sRNA OxyS has been shown to directly repress rpoS and fhlA translation through base pairing (Altuvia et al. 1997) . While FhlA is an activator of the formate metabolism pathway (Schlensog et al. 1994 ), rpoS encodes s s , a subunit of RNA polymerase expressed in starvation conditions and in early stationary growth phases (Lange and Hengge-Aronis 1991) . OxyS has also been shown to act as an antimutator through an indirect effect of rpoS repression because s s increases the mutation rate by upregulating transcription by error-prone RNA polymerases (Layton and Foster 2003; Ponder et al. 2005) . s s also controls the expression of more than 40 genes and is involved in biofilm formation (Weber et al. 2005; Collet et al. 2008 ).
OxyS represses fhlA and rpoS by distinct mechanisms. Translation of fhlA is repressed through a kissing complex pairing that blocks the ribosome binding site (Altuvia et al. 1998; Argaman and Altuvia 2000) . On the other hand, OxyS putatively represses rpoS through base pairing with its mRNA (Zhang et al. 2002; Liu et al. 2005) . Although OxyS stem-loop I seems essential for this repression, direct interaction with rpoS mRNA has not yet been characterized . The RNA chaperone Hfq is essential for repression of both OxyS targets by opening RNA secondary structures and thus facilitating sRNA-mRNA pairings. Although rpoS translation is repressed by OxyS, s s has been shown to be essential for bacterial survival during oxidative stress conditions (Barth et al. 2009 ). Thus, survival in these conditions is in delicate balance between rpoS activators and repressors at the transcriptional and translational levels. Among rpoS regulators, the accumulation of 3',5'-bispyrophosphate and polyphosphate activates its transcription, while H-NS and the CRP-cAMP complex repress rpoS transcription (Lange and Hengge-Aronis 1991; Loewen et al. 1998) . The sRNAs DsrA and RprA upregulate rpoS translation at low temperatures and during osmotic shock conditions, respectively (Repoila et al. 2003) . The action of OxyS will result in fast control of H 2 O 2 concentration in the cell through translational repression of rpoS. This repression turns off some carbon utilization pathways, turning down respiration and superoxide production within the bacterial cell (GonzalezFlecha and Demple 1999) .
In contrast to RyhB, only a few OxyS homologues have been found in other bacterial species. In some cases, such as that of Rickettsia conorii, Hfq and RNase E, which are essential for the stability and turnover of sRNAs, respectively, are absent in the cell (Ö stberg et al. 2004 ). In Citrobacter rodentium, OxyR/OxyS is present, OxyR is a virulence-facilitating factor, and s s enhances the virulence gene expression, as in E. coli (Laaberki et al. 2006; Dong et al. 2009 ). In Borrelia burgdorferi, no OxyS homologue exists but rpoS is present and acts as a virulence factor upon infection of mammalian hosts (Ö stberg et al. 2004) . Despite the absence of OxyS, the oxidative stress can also be managed by an OxyR homologue, as observed in Mycobacterium tuberculosis (Domenech et al. 2001) .
Aconitases as important regulators of oxidative stress and Fe deprivation
Another important player in the adaptation to Fe starvation and oxidative stress are aconitases. Usually aconitases catalyze the isomerization of citrate into isocitrate in TCA and glyoxylate cycles (Beinert 2000) . However, the aconitase superfamily harbors bifunctional proteins that are both catalytic enzymes and mRNA binding proteins: in the first group are the cytoplasmic aconitases (cAcn) and Fe regulatory proteins (IRPs 1 and 2) in eukaryotic cells and aconitase A in bacteria; and in the second group, the bacterial aconitase B.
In bacteria, aconitase A and aconitase B are in the group of bifunctional aconitases (Rouault et al. 1992; Gruer and Guest 1994; Cunningham et al. 1997; Gruer et al. 1997a Gruer et al. , 1997b Jordan et al. 1999; Tang and Guest 1999) . In E. coli and B. subtilis for example, Apo-forms of aconitase A and aconitase B have been demonstrated to bind to stem-loops in the 3'-UTR of acnB and acnA mRNAs and to enhance their translation (Tang et al. 2002; Alén and Sonenshein 1999) . Moreover, it has been shown in E. coli that the Apoenzyme forms of aconitase B and aconitase A affect posttranscriptional regulation of sodA (encoding superoxide dismutase) and expression of many other proteins implicated in oxidative stress regulation (Tang et al. 2002) . Furthermore, bacterial aconitases bind rabbit Fe-responsive elements (IREs) (Alén and Sonenshein 1999; Tang and Guest 1999) . In contrast to the Apo-form, the holo-aconitase A and holoaconitase B are Fe-dependent enzymes in which the catalytic site is packed around a cubane [4Fe-4S] 2+ cluster. In the catalytic site between the conserved bacterial aconitase B and mitochondrial aconitase, there are 3 Cys residues that interact with 3 Fe atoms of the [4Fe-4S] 2+ cluster (Kiley and Beinert 2003) . Thus, it appears that the free Fe atom of the [4Fe-4S] 2+ cluster is in equilibrium between a clusterbound state and a free state. Because of such a configuration in the [4Fe-4S] 2+ cluster, either Fe deprivation or oxidative stress (H 2 O 2 ) can trigger the switch between a catalytic aconitase and an mRNA binding aconitase (Hentze and Kühn 1996; Tang et al. 2005; Varghese et al. 2003) .
In bacterial cell extracts, while aconitase B activity is repressed by metal ions chelators like EDTA and DETAPAC (diethylenetriamine pentaacetic acid), aconitase A remains active. In E. coli, aconitase B is the major catalytic aconitase during exponential growth and its activity is easily inhibited in conditions of Fe deprivation by a nonoxidative pathway. It has been shown that the acnB mutant and the double acnA acnB mutant are both sensitive to methyl viologen and H 2 O 2 (Tang et al. 2002; Varghese et al. 2003) . These observations highlight the global implication of bacterial aconitases in regulation of Fe metabolism and oxidative stress regulation.
In mammalian cells, only the cytoplasmic aconitase and Fe regulatory protein 1 (IRP1) are bifunctional proteins (but not the mitochondrial aconitase) (Rouault and Harford 2006; Wang et al. 2008 ). In the same family, IRP2 is not characterized for catalytic activity and acts as an mRNA binding protein (Guo et al. 1994) . Indeed, IRP2 undergoes proteasomal degradation upon Fe depletion (Salahudeen et al. 2009 ). IRPs are activated in conditions of Fe starvation and bind to IREs independently from their enzymatic activity. Upon Fe deprivation, the eukaryotic proteins IRPs bind IREs in the 5'-UTR region of H-and L-ferritin mRNAs (Fe storage protein) to inhibit their translation. In addition, IRPs can also stabilize mRNAs by binding IREs located in the 3'-UTR of mRNAs, as can the transferrin receptor (TfR) mRNA (Hentze and Kühn 1996; Rouault and Harford 2000) .
Finally, because of the importance of Fe metabolism in all organisms, some diseases are associated with aconitase deficiencies. For example, IRP2 -/-mice show aberrant Fe homeostasis and accumulate Fe in the intestinal mucosa and in the CNS (LaVaute et al. 2001; Rouault 2001) . This Fe accumulation in specific areas of the brain leads to development of neurodegenerative disorders. Also, IRP1 seems to be associated with the inhibition of solid cancerous tumors formation in mice (Wang et al. 2008) . Moreover, it appears that aconitases are associated with virulence in bacteria. For example, in Staphylococcus aureus, aconitases promote host-pathogen interactions by providing protection against oxidative stress (Somerville et al. 2002) . These examples of increased bacterial virulence and human diseases associated with aconitases underline the crucial role of this mRNA binding protein in relation to cellular Fe status.
Conclusions and perspectives
Recent advances in the understanding of oxidative stress and Fe metabolism have demonstrated that the factors governing these functions are delicate and complex. Both prokaryotes and eukaryotes depend on sophisticated protein functions and elaborate gene networks to respond to a multitude of stresses. In the next few years, we expect that sRNAs will become more important to a comprehensive explanation of the physiological responses to environmental insults. Only a few of these sRNAs have been characterized, and much work is still needed to complete the full picture.
